The freeze-dried biomass of Paecilomyces lilacinus was employed as a biosorbent for the removal of silver ions from aqueous solution. The effects of factors such as the solution pH, the initial Ag(I) ion concentration, contact time and temperature were examined. Maximum Ag(I) adsorption was obtained at pH 3.0. The pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models were fitted to the experimental data when it was found that such data were best fitted by the pseudo-second-order kinetic model. The equilibrium experimental data were well fitted by the Langmuir model (R 2 > 0.995) and the maximum biosorption capacity at 298 K was 101.0 mmol/g. Thermodynamic parameters such as the Gibbs' free energy, ∆G 0 , the standard enthalpy, ∆H 0 , and the standard entropy, ∆S 0 , were evaluated. The results indicated that the biosorption of Ag(I) ions onto P. lilacinus biomass was spontaneous and endothermic in nature. The FT-IR analysis results indicated that amine, carboxylic and hydroxyl groups were involved in the biosorption process.
INTRODUCTION
Silver is of special economic interest compared with other metals and is widely used in the fields of aerospace, chemical, porcelain, mirroring, photographic, electroplating and medical industries, etc. (Chen and Wang 2008; Asem 2005) . In addition, considerable waste solutions containing silver ions are produced by electroplating and waste fixative, as well as the Ag(I) ion-containing water from laboratories ). However, due to their low concentrations in waste solutions, it is necessary to enrich Ag(I) ion-containing solutions before recovery. Traditional methods applied to Ag(I) ion recovery include precipitation, ion exchange, reductive exchange and electrolytic recovery. However, technical and economical constrains encountered in the application of these methods have directed attention towards a search for new technologies (Goyal et al. 2003; Sarabjeet and Goyal 2007; Sisca et al. 2009 ).
Biotechnological approaches, especiallybiosorption, can be employed successfully in these fields and are viewed as the most valuable choices for the removal of metal ions from wastewaters ). Biosorbents, including bacteria, filamentous fungi and yeasts, have been shown to be capable of efficiently adsorbing metal ions (Goyal et al. 2003; Davis et al. 2003; Sarabjeet and Goyal 2007) . The behaviour of fungi as biosorbents has been extensively evaluated and they have been shown to exhibit excellent sequestering abilities towards the ions of metals such as Cd, Cu, Pb, Ni, Ag and U from aqueous solution (Ahmet et al. 2007; Wang et al. 2009; Arzu 2006) . Both living and dead fungal biomasses can be used as biosorbents, but dead cells are more preferable for wastewater treatment since they will not release toxins and/or propagules, and are not affected by toxic wastes and chemicals. Moreover, it is much easier to obtain, store, use and transport dead and dried biomasses (Prigione et al. 2008 (Prigione et al. , 2009 Kumar et al. 2008) . Recently, the fungal strain Paecilomyces lilacinus has been widely used as the biocontrol agent for root-knot nematode (Kiewnick and Sikora 2006) , while there are a few reports on the biosorption of metal ions by the dead biomass of P. lilacinus.
In the present study, the freeze-dried biomass of P. lilacinus has been used as a biosorbent and its utility for the removal of Ag(I) ions from aqueous solution by batch experiments has been investigated. FT-IR spectroscopic analysis was applied to study the biosorption mechanisms. The effects of various factors on the biosorption ability [such as the solution pH, the initial concentration of Ag(I) ions, contact time and temperature] were examined. Furthermore, equilibrium, kinetic and thermodynamic studies on the biosorption of Ag(I) ions onto the freeze-dried biomass of P. lilacinus were also undertaken for designing appropriate methods for conducting the adsorption process.
EXPERIMENTAL

Materials
All the chemicals employed were of A.R. grade and used without further purification. Silver(I) ion solutions, obtained by dissolving AgNO 3 (Sinopharm Chemical Reagent Co., Ltd., Shanghai, P. R. China) in distilled water, were prepared in this study by dilution of a 1000 mg/ standard stock solution.
Instruments and apparatus
The chemical characteristics of the biomass before and after Ag(I) ion sorption were analyzed and interpreted by FT-IR spectroscopy (400-4000 cm −1 ). The spectra were recorded by means of a Nicolet Nexus 470 Fourier-transform infrared spectrometer (Thermo Electric, West Chester, PA, U.S.A.). A TAS-986 flame atomic absorption spectrophotometer (FAAS) (Shanghai Pudong Instruments, P. R. China) employing a wavelength of 328.1 nm and using an air/acetylene flame was used for the determination of Ag(I) ion concentrations. A pHS-3C digital pH meter (LIDA Instrument Factory, Shanghai, P. R. China) was used for pH adjustment.
Preparation of the biosorbent
The P. lilacinus strain employed was grown for 72 h at 303 K with rotary shaking (160 rpm) in the medium (containing 3 g beef extract, 10 g peptone, 5 g sodium chlorate and 1000 distilled water) at neutral pH. The biomass was separated from the growth medium by centrifugation at 4000 rpm for 15 min and washed three times with distilled water. The resulting material was spread on Petri dishes, frozen and then lyophilized. The dried biomass was powdered and sieved through an 80-mesh standard sieve. This sieved biomass was stored and used as the biosorbent in subsequent batch studies.
Batch experiments
All the batch biosorption experiments were carried out using 0.02 g biosorbent added to colorimetric cylinders containing 25 m Ag(I) ion solutions. The resulting mixtures were shaken on an orbital shaker at 160 rpm. All experiments were performed in triplicate.
The effect of pH on the biosorption capacity of the biomass was investigated over the pH range 1.0-7.0 using 10 mg/ Ag(I) ion solutions. The pH values of these solutions were adjusted by adding 0.1 mol/ HNO 3 and 0.1 mol/ NaOH solutions as appropriate.
The effect of contact time on the biosorption was investigated over a range of time intervals employing a constant initial Ag(I) ion concentration of 5.0 mg/ . Thus, a fixed quantity of the biosorbent (0.02 g) was added to various colorimetric cylinders containing 25 m of Ag(I) ion solutions, the pH values of the solutions being adjusted to 3.0 ± 0.1. The samples were centrifuged for 5, 10, 20, 30, 40, 60, 120, 240, 360 , 600 and 720 min, respectively. The Ag(I) ion concentration in the supernatant liquid was analyzed via FAAS as described above. The data obtained were then used to determine the parameters in various kinetic models. The amount of Ag(I) ions adsorbed onto the biosorbent was calculated from the following equation:
(1) where Q t (mg/g) is the amount of Ag(I) ions adsorbed onto the biomass at time t, C 0 (mg/ ) is the initial Ag(I) ion concentration in solution, C t (mg/ ) is the Ag(I) ion concentration in solution at time t, V (m ) is the volume of the sample and m (g) is the amount of biomass used in the reaction mixture.
Similarly, the effects of the initial Ag(I) ion concentration on the biosorption capacity were studied employing initial Ag(I) ion concentrations ranging from 5 mg/ to 400 mg/ at 298 K, 308 K and 318 K, respectively. The pH values of all these solutions were adjusted to 3.0 ± 0.1 (optimum pH value). The data were then used to test the fitness of the sorption process to the Langmuir and Freundlich isotherms and employed for thermodynamic analysis. The amount of Ag(I) ions adsorbed onto the biosorbent was calculated from the relationship:
( 2) where Q e (mg/g) is the amount of Ag(I) ions adsorbed onto the biomass at equilibrium and C e (mg/ ) is the Ag(I) ion concentration in solution at equilibrium.
RESULTS AND DISCUSSION
FT-IR analysis
The functional groups on the binding sites were identified by FT-IR spectral comparison of the biomass before and after Ag(I) ion adsorption. The data obtained are listed in Table 1 . The functional groups and their corresponding wavenumbers were identified by comparison with the data from other studies on the infrared spectra of biomass (Naja et al. 2005; Pan et al. 2006; Bueno et al. 2008; Lawal et al. 2010; Zhou et al. 2010) . The spectral analysis results indicated nine absorption bands, of which three bands (1076 cm −1 , 1235 cm −1 and 1544 cm −1 ) significantly decreased in intensity during adsorption, and two bands (545 cm −1 and 3297 cm −1 ) which increased in intensity with adsorption. These latter bands were associated with functional groups which were especially involved in Ag(I) ion adsorption. Shifts in the frequencies indicated that adsorption of Ag(I) ions had occurred on the biomass and that functional groups such as carboxyl, C=O stretching, secondary amine, C=S and -CN stretching, and hydroxyl groups could be involved in the Ag(I) ion adsorption process. It is interesting to note that no frequency change was observed in the position of the CH 2 bending vibrations after the biosorption of Ag(I) ions on the biomass.
Effects of pH
It is well known that the pH of the aqueous solution is an important factor in the biosorption process (Buneo et al. 2008; He et al. 2010) . The pH value affects the solubility of the metal ions and the ionized state of the functional groups on the biosorbent (Martins et al. 2004; Sibel et al. 2006 ). In the present study, the biosorption of Ag(I) ions was studied over the pH range 1.0-7.0.
Initial pH values greater than 7.0 were not examined to avoid the precipitation of silver salts in alkaline media. The effect of pH on the uptake of Ag(I) ions is shown in Figure 1 . It will be seen that the biosorption of Ag(I) ions increased at low pH values (pH 1.0-3.0) and then decreased over the pH range 4.0-7.0. This may be explained in terms of competition between H 3 O + and Ag(I) ions for the occupancy of protonated binding sites (Ofomaja et al. 2010) . Hence, the optimal pH value was set at 3.0 and was applied in all subsequent adsorption experiments. When the initial pH value was 1.0, 2.1, 3.1, 4.0, 5.0, 6.0 and 7.0, the final equilibrium pH was found to be 1.1, 2.2, 3.8, 6.1, 6.2, 6.4 and 6.5, respectively. The pH change occurring during the adsorption of Ag(I) ions was compared with that observed when the biosorbent was placed in contact with a solution having the same pH value (3.0) in the absence of Ag(I) ions. In the latter case, an increase of pH from 3.0 up to 5.0 was observed, while the pH value during Ag(I) ion uptake did not change. This indicates that hydroxide ions were released from the biosorbent during the Ag(I) ion adsorption process.
Adsorption kinetics
The effect of contact time on the biosorption of Ag(I) ions (5.0 mg/ ) onto the biosorbent was investigated at 298 K, 308 K and 318 K, respectively. The contact time ranged from 5 min to 720 min. The results indicated that rapid adsorption of Ag(I) ions, which attained 90% of the equilibrium value, was observed over the first 120 min of the process. The equilibrium state was reached in about 600 min as shown in Figure 2 . Hence, in the following experiments, the contact time was maintained at 600 min.
It is possible that the adsorption mechanism may involve mass transfer and/or chemical reaction and, in order to examine these possibilities, the kinetic data presented in Figure 2 were analyzed using the pseudo-first-order, pseudo-second-order and intra-particle diffusion models (Oliveira et al. 2008; Çoruh et al. 2010; Guan et al. 2011 ). The mathematical expressions for these models are given in equations (3)-(5) overleaf. (3) (4)
where Q e and Q t are as described as above. Values of k 1 (min −1 ), k 2 [g/(mg min)] and k p [g/(mg min 0.5 )] may be calculated from the plots of ln (Q e -Q t ) versus t, t/Q t versus t and Q t versus t 0.5 , respectively. The corresponding parameters and linear regression values are summarized in Table 2 . The low values of the correlation coefficient obtained for the pseudo-first-order and intra-particle diffusion models relative to the values obtained for the pseudo-second-order model indicate that these two models were not very satisfactory in explaining the kinetics of the Ag(I) ion adsorption process. In accordance with the pseudo-second-order reaction mechanism, the overall rate of the Ag(I) ion sorption process appeared to be controlled by chemical processes through the sharing of electrons between the adsorbent and the adsorbate or via covalent forces through the exchange of electrons between the particles involved (Nuhoglu et al. 2009 ). Based on the pseudo-second-order model, the initial adsorption rate {h = k 2 Q 2 e [mg/(g min)]} and the time required for the adsorption to attain the half equilibrium value [t 1/2 (min)] at different temperatures are summarized in Table 2 . It will be noted that as the temperature increased, the values of h also increased whereas those of t 1/2 decreased. 
Adsorption isotherms
The effects of the initial concentration of Ag(I) ions on the biosorption capacity were studied over the concentration range 5-400 mg/ at 298 K, 308 K and 318 K, respectively. The amount of Ag(I) ions adsorbed per unit mass of biosorbent first increased rapidly with increasing initial Ag(I) ion concentration, then increased slowly (see Figure 3 overleaf). When the initial Ag(I) ion concentration was 400 mg/ , the biosorption capacity towards Ag(I) ions was 96.40, 97.18 and 97.32 mg/g at 298 K, 308 K and 318 K, respectively. As a rule, the biosorption capacity increases as the initial sorbate concentration increases, because the initial metal ion concentration provides a larger driving force to overcome mass-transfer resistances (Sibel et al. 2006) .
The Langmuir and Freundlich isotherm models are the two most widely accepted and easily linearized adsorption models (Ulku et al. 2000; Sadin et al. 2009; Zou et al. 2011) . The Langmuir isotherm model assumes uniform adsorption on the surface and is used for describing monolayer adsorption onto a surface containing a finite number of identical sites. The linear form of this isotherm model may be expressed as: (6) where Q e and C e are as described as above, Q m is the maximum adsorption capacity of the sorbent (mg/g) and K L represents the affinity constant ( /mg).
The Freundlich model is based on sorption onto a heterogeneous surface and the linear form of this isotherm model may be expressed as:
where K F is a constant indicative of the adsorption capacity of the sorbent (mg/g) while the constant 1/n is a measure of the adsorption intensity.
The parameters of the two sorption isotherms are listed in Table 3 . In addition, Figure 4 overleaf shows a comparison of the Langmuir and Freundlich isotherm models for Ag(I) ion sorption onto the biosorbent using non-linear regression at different temperatures (298 K, 308 K and 318 K, respectively) . The results indicate that the Langmuir isotherm model provided an accurate fit to the Ag(I) ion biosorption process due to the high determination coefficient (R 2 > 0.995).
According to the Langmuir model, Ag(I) ion adsorption onto P. lilacinus biomass occurred through the formation of a monolayer of adsorbed molecules that interacted slightly with each other. The maximum uptake capacities of Ag(I) ions were found between 99.0 mg/g and 101.0 mg/g at the various temperatures employed in the batch studies.
Adsorption thermodynamics
Further insight into the biosorption phenomenon can be obtained through an assessment of the thermodynamics of the process, since this can show whether or not the process can be considered as spontaneous. Parameters including the Gibbs' free energy change (∆G 0 ), the standard enthalpy change (∆H 0 ) and the standard entropy change (∆S 0 ) relating to the adsorption of Ag(I) ions onto freeze-dried P. lilacinus biomass were calculated employing the following thermodynamic equations (Ofomaja 2010):
where R is the gas constant [8.314 J/(mol K)], T is the absolute temperature (K) and K L is obtained from the Langmuir isotherm ( /g). The values of ∆H 0 and ∆S 0 were calculated from the slope and intercept of the linear plot obtained from the regression of the data set ln K L versus 1/T, respectively. The thermodynamic parameters assessed for the sorption of Ag(I) ions onto P. lilacinus freeze dried biomass are listed in Table 4 .
The negative values for ∆G 0 at all the temperatures studied (298-318 K) indicate that the adsorption process was spontaneous (Nadeem et al. 2006; Aksu and Karabayir 2008) . A positive value of ∆S 0 indicates the increasing randomness of the adsorbate molecules on the solid surface relative to the solution (Memon et al. 2007 ). The value of ∆H 0 was estimated as 22.27 kJ/mol, the positive value indicating that Ag(I) ion biosorption was an endothermic process (Lawal et al. 2010) .
CONCLUSIONS
The results obtained demonstrate that the freeze-dried biomass of the strain Paecilomyces lilacinus may be employed as an efficient biosorbent for the removal of Ag(I) ions from aqueous solutions. Interactions between Ag(I) ions and the functional groups on the biomass were confirmed by FT-IR analysis which indicated that the functional groups involved included carboxyl, hydroxyl and amino groups. It was found that the biosorption of Ag(I) ions onto the biomass depended on the experimental conditions such as the initial pH, the initial Ag(I) ion concentration, the temperature and the contact time. The maximum adsorption of Ag(I) ions occurred at pH 3.0. The results indicated that hydroxide ions may be released from the biosorbent during the adsorption process.
The experimental data were well fitted by the pseudo-second-order kinetic model which indicated that the overall rate of Ag(I) ion sorption was controlled by chemical processes. The adsorption equilibrium data were well fitted by the Langmuir isotherm model (R 2 > 0.995) over the concentration range investigated. The sorption of Ag(I) ions by the biomass attained a maximum capacity of 101.0 mg/g dry biomass at pH 3.0 and 298 K. The adsorption process was assessed to be endothermic and thermodynamically spontaneous under natural conditions.
